Background: Remifentanil is widely used for ultrasound-guided percutaneous radiofrequency ablation (RFA) of small hepatocellular carcinoma (HCC). We determined whether dexmedetomidine could be an alternative to remifentanil for RFA of HCC under general anesthesia with sevoflurane. Methods: We prospectively randomized patients scheduled to undergo RFA for HCC to a dexmedetomidine (DEX) group or remifentanil (REMI) group (47 patients each). In the DEX group, a bolus infusion (0.4 μg kg
Background
Ultrasound-guided percutaneous radiofrequency ablation (RFA) is one of the most effective treatments for small hepatocellular carcinomas (HCCs) [1, 2] . RFA achieves complete ablation in 90-95% cases of small HCCs, with 5-and 10-year survival rates comparable to those after surgery [3] [4] [5] [6] . Owing to its superior tumor control, high survival rates, minimally invasive nature, and ease of use, RFA has become the first-line treatment for small HCCs, especially in patients who are not eligible for surgical resection or liver transplantation [7, 8] . Percutaneous RFA can be performed under sedation, local anesthesia, or general anesthesia. However, some patients experience severe pain and anxiety during RFA under local anesthesia, which results in lower patient satisfaction and insufficient tumor ablation [9] . General anesthesia provides better pain control, better tolerance, and lower local recurrence rates [10] .
Remifentanil, an ultra-short-acting μ-opioid-receptor agonist, has been demonstrated to be safe and reliable for RFA [11, 12] . As an adjuvant drug, remifentanil provides continuous analgesia and stable hemodynamics, but can cause cardiovascular side effects such as bradycardia, atrioventricular or sinoatrial block, and hypotension [13] . Dexmedetomidine is a highly selective α 2 -adrenoreceptor agonist with sedative, anxiolytic, and analgesic effects [14, 15] . It also exhibits neuroprotective properties [16] , anti-inflammatory benefits [17] , and protective effects on the myocardium [18] , against ischemia or reperfusion in the brain [19] , and against lung [20] , kidney [21] , and liver injuries [22, 23] . In patients undergoing percutaneous RFA of small HCCs under general anesthesia with sevoflurane, it is unclear whether dexmedetomidine exhibits outstanding advantages over remifentanil in terms of pain management, or if it could be an alternative to remifentanil.
Thus, the purpose of this prospective randomized study was to compare the effects of dexmedetomidine and remifentanil on postoperative pain intensity, analgesic requirements, liver function, and general comfort in patients undergoing RFA of HCCs under general anesthesia with sevoflurane.
Methods

Ethics
Ethical approval for this randomized prospective controlled study was provided by the ethics committee of the Third Affiliated Hospital of Sun Yat Sen University, Guangzhou, China, on 5 May 2015. This study was registered with the Chinese Clinical Trial Registry (ChiCTR-OPC-15006613, http://www.chictr.org.cn/edit.aspx?pid=11243&htm=4) on 16 June 2015. The checklist from the CONSORT 2010 Statement was used (Additional file 1).
Patients and selection criteria
The study involved patients who were scheduled to undergo elective RFA for HCC under general anesthesia in our hospital between June 2015 and October 2015. The inclusion criteria were American Society of Anesthesiologists physical status classification I-II, Child-Pugh class A or B, age between 18 and 65 years, and a single tumor of size ≤5 cm or not more than three tumor nodules ≤3 cm. The exclusion criteria were: prior treatment for liver cancer (such as transarterial chemoembolization and liver resection); recent α 2 agonist use; being allergic to any of the drugs used in this study; operation time <30 min or >3 h; history of serious impairment in respiratory, cardiovascular (heart block, myocardial ischemia, or uncontrolled high blood pressure), renal, or central nervous functions; long-term use of psychiatric or neurological drugs; and severe hearing disability. The patients were allowed to quit the study at any time.
After obtaining informed consent from all participants, trained staff used a computer-generated randomization code to randomize the patients into a remifentanil group (REMI group) or a dexmedetomidine group (DEX group) in a 1:1 ratio. For ethical reasons, patient safety, and drug dosing, the anesthesiologists in charge were not blinded to the study drugs, but group allocation was concealed from the patients and data analysts.
Study design
Patients received no premedication. Heart rate (HR), peripheral arterial oxygen saturation (SpO 2 ), non-invasive blood pressure, and bispectral index were monitored continuously (MP60, Philips, Boeblingen, Germany). In the DEX group, 200 μg dexmedetomidine diluted to a concentration of 4 μg mL − 1 was administered as a 0.4 μg kg − 1 bolus infusion 15 min before the induction of anesthesia and continued at a rate of 0.2 μg kg − 1 h − 1 until 10 min before the end of the surgery. In the REMI group, 1 mg remifentanil diluted to a concentration of 20 μg mL − 1 was administered continuously at a rate of 3 μg kg − 1 h − 1 from 15 min before the induction of anesthesia until the end of the surgery.
General anesthesia was induced with propofol (1.5 mg kg ). After tracheal intubation, anesthesia was maintained at a bispectral index of 45-55 with sevoflurane inhalation. At 5 min before the end of surgery, tropisetron was administered at a dose of 0.1 mg kg − 1 (maximum total dose, 5 mg). Sevoflurane was stopped at the end of the surgery (the end of the last RFA procedure).
On occasion, bolus doses of dopamine (2 mg) were administered to avoid hypotension (defined as a >30% decrease in mean arterial pressure [MAP] from the baseline value [before anesthesia induction]) [24, 25] . Atropine was administered at doses of 0.25 mg to avoid bradycardia (defined as HR < 50 beats per minute). These doses were repeated as necessary. Serious drug-related adverse events should be avoided, such as allergic reactions and refractory hemodynamic events (refractory hypotension and bradycardia were defined as hypotension or bradycardia that persisted for at least 10 min despite administering more than three doses of dopamine or atropine). If these events occurred intraoperatively, the anesthesiologist had immediately to terminate the drug infusion, take the necessary measures, and record the circumstances.
After the surgery, patients were transferred to a post-anesthesia care unit (PACU). Immediately when the patients awoke, they were extubated and questioned about their pain intensity and comfort. Pain intensity was assessed with a visual analog scale (VAS; 0-10 cm, handheld slide-rule type). If the VAS score was 3 or more, a bolus of 2 mg (body weight < 60 kg) or 3 mg (body weight > 60 kg) morphine [26] [27] [28] was administered intravenously. VAS scores were obtained every 5 min until pain relief, which was defined as a VAS score of <3. If the respiratory rate was <12 breaths/min, SpO 2 was < 95%, or a serious adverse event (such as an allergic reaction, vomiting, or severe pruritus) related to morphine administration occurred, the morphine infusion was stopped. After the patients were transferred back to the ward, appropriate analgesics were administered if the patients complained of serious pain with VAS scores ≥3. Liver function was tested at least three times in the first three days after the surgery.
Outcomes and data collection
The primary outcome (endpoint) was postoperative pain intensity, which was assessed by VAS scores. These scores were assessed every 5 min starting from the time of extubation in the PACU and were assessed daily during the first 3 postoperative days when the patients had returned to the ward. A trained investigator blinded to the group assignment performed the assessments for all patients.
Secondary outcomes (endpoints) included analgesic requirement, liver function, patient comfort, and hemodynamic changes. The intraoperative anesthetic requirement, which was the concentration of inhaled sevoflurane, was monitored every 15 min after the start of surgery, and the total dosage of sevoflurane was recorded. Postoperative analgesic administration, including that in the PACU and the ward, was also recorded. Preoperative liver function and the peak or nadir of liver-function data in the first three postoperative days were recorded, including aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin (ALB), total bilirubin (TBIL), prothrombin time (PT), and PT activity (PT%). Sedation-agitation scale (SAS) scores (Table 1 ) [29] were recorded every 5 min in the PACU.
We also documented the time to emergence, which was defined as the interval between the end of the surgery and a response to a verbal command to open the eyes, which was assessed every 3 min, as well as the time to extubation. Patients' general condition and comfort after the surgery were evaluated by assessing the rates of disorientation (patients were asked where they were), sore throats, hoarseness, headache, dizziness, discomfort, cold, nausea, vomiting, and intraoperative awareness. Hemodynamic data (HR and MAP) were monitored continuously and recorded at the following time points: before the administration of remifentanil or dexmedetomidine (baseline); 5, 10, and 15 min after their administration; at the time of intubation; 1, 2, and 5 min after intubation; at the start of the surgery; 15, 30, 45, and 60 min after the start of the surgery; when the patient was transferred to the PACU; 5 min after transfer to the PACU; at the time of extubation; and 1 and 5 min after extubation.
Statistical analysis
The primary outcome was the incidence of pain, defined as a VAS score ≥3. Our pre-experimental data indicated that this incidence would be 10% in the DEX group and 40% in the REMI group. The following formula [30] was used to determine the sample size: n = 15.7 / h 2 where h = |Φ 1 − Φ 2 |, where Φ 1 is the arcsine transformation for the DEX group and Φ 2 is the arcsine transformation for the REMI group, assuming α = 0.05, β = 0.2, and a 20% dropout rate. Therefore, the study required 47 patients in each group.
Data were expressed as mean ± standard deviation, median and interquartile range, or proportions, and were analyzed using the SPSS v20.0 software package (SPSS, Chicago, IL, USA). Parametric data were analyzed using 
Results
We screened 245 consecutive patients and enrolled 94 patients into this study. Five patients from each group either had an operative time outside our limits or experienced refractory intraoperative bradycardia or hypotension. Thus, finally, 42 patients in each group strictly completed the study protocol and in its entirety, but all 47 patients were included in the intention-to-treat analysis ( Fig. 1 and Additional file 2). The baseline characteristics were well balanced between the two groups in terms of demographics and preoperative liver function (Table 2) .
Primary outcomes
VAS scores and the incidence of postoperative pain (VAS score ≥ 3) did not significantly differ between the two groups at any time point (P > 0.05; Table 3 ). The analgesic requirement did not significantly differ between the two groups within the time frame of the focus after the surgery (P > 0.05; Table 3 ). The incidence of postoperative pain at 48 h after surgery in the REMI group was significantly different from the incidence at the end of surgery (8.51% vs. 27.66%, P = 0.030). There were no significant differences at other time points in the same group (P > 0.05; Table 3 ).
Secondary outcomes
Immediately after extubation, the general condition of the patients, in terms of disorientation, sore throat, hoarseness, headaches, dizziness, discomfort, cold, nausea, vomiting, and intraoperative awareness, was similar in both groups (P > 0.05; Table 4 ). Liver function was assessed on the first 3 postoperative days. The peak ALT, AST, and TBIL levels were slightly higher in the DEX group, while the nadir ALB and PT% activity and peak PT levels were slightly lower in the REMI group, but the differences were not statistically significant (P > 0.05; Table 5 ).
All of the liver functions tested were significantly worse postoperatively than preoperatively (P < 0.05).
Repeated-measures analysis of variance revealed significant variation in HR and MAP over time within each group (Fig. 2a, b) . HR was significantly lower in the DEX group than in the REMI group at 1 min after intubation (70.62 ± 12.93 vs. 75.38 ± 15.46, P = 0.018), 30 min after the start of surgery (59.21 ± 8.26 vs. 67.76 ± 12.90, P < 0.001), and during recovery (P < 0.005; Table 6 ). Hypotension (34.04% vs. 23.40%, P = 0.362) and bradycardia (34.04% vs. 40.43%, P = 0.670) (requiring treatment with dopamine or atropine) occurred in both groups, but their incidence did not differ between the two groups ( Table 7) . Refractory hypotension (4.26% vs. 4.26%, P = 1.000) and bradycardia (4.26% vs. 2.13%, P = 1.000) also occurred in both groups, but their incidences were not significantly different (Table 7) . At each measured time point during the surgery, the concentration of inhaled sevoflurane was significantly lower in the DEX group than in the REMI group (Fig. 2c) . Anesthesia time did not significantly differ between the two groups, but there were significant differences in the total dosage of sevoflurane (22.77 ± 11.18 vs. 17.58 ± 11.22 mL, P = 0.017) and the sevoflurane dosage related to anesthesia time (16.41 ± 5.74 vs. 11.56 ± 5.20 mL h − 1 , P < 0.001; Table 8 ). Delayed emergence was defined as a time to emergence of over 30 min. Although there were more patients with delayed emergence in the DEX group (12.77% vs. 4.26%), the difference was not statistically significant (P = 0.267; Table 9 ). Time to emergence, time to extubation, and the number of patients with a postoperative SAS score of ≥5 did not significantly differ between the two groups ( Table 9) .
Discussion
Unlike other studies or our pre-experiment, this study showed that compared with remifentanil, dexmedetomidine did not significantly reduce postoperative pain or analgesic consumption in patients undergoing RFA for small HCCs. However, dexmedetomidine significantly reduced the demand for inhaled anesthetics and inhibited an increase in HR during extubation. It did not influence immediate postoperative patient comfort, exacerbate liver-function impairment during the first 3 postoperative days, or delay recovery from anesthesia. Dexmedetomidine is a selective α 2 -adrenoreceptor agonist, with superior sedative, anxiolytic, and analgesic properties.
Several studies have shown that Values are expressed as mean ± standard deviation ALT alanine aminotransferase, AST aspartate aminotransferase, ALB albumin, TBIL total bilirubin, PT prothrombin time dexmedetomidine decreases VAS scores, analgesic requirement, and opioid-related adverse events [31] [32] [33] . Dexmedetomidine exhibits a synergistic effect with the opioid system and might potentiate the analgesic effect of other analgesic drugs [34, 35] . In some reports, dexmedetomidine has exhibited superior efficacy in pain management compared to remifentanil during a PACU stay after general anesthesia [36, 37] . Dexmedetomidine also has opioid-sparing properties [38, 39] . This might partially explain why fewer patients in the DEX group had VAS scores of ≥3 in the present study. However, the difference was not statistically significant, and dexmedetomidine did not show any advantages over remifentanil in terms of VAS scores or analgesic consumption. The discrepancy between the above findings and those of our study might be attributable to the effect of local hyperthermia on the liver capsule, and peripheral nerves and vessels, and inadequate analgesia provided by the two study drugs. The analgesic effects of the drugs were dose Fig. 2 Hemodynamic changes during the observation period: a heart rate (HR), b mean arterial pressure (MAP), and c sevoflurane concentration during surgery. HR heart rate, MAP mean arterial pressure, PACU post-anesthesia care unit. *P < 0.05 vs. the REMI group dependent. In our study, dexmedetomidine and remifentanil were administered intraoperatively, and other preventive analgesic drugs were not used. Furthermore, although RFA is more rapid and less invasive than liver resection, unfortunately, 14.89-40.43% of patients complained of pain after RFA in this study. Remifentanil can provide rapid recovery from anesthesia, but occasionally opioid-induced hyperalgesia can emerge after long-term infusion [40] , though the evidence is conflicting [41] . The analgesic effect of remifentanil fades within 3-10 min. Immediately after extubation, 13 patients (27.66%) in the REMI group, who could be considered to be without any analgesia, experienced significant pain. At 48 h later, the pain caused by surgery was significantly reduced, and the proportion of patients complaining of pain decreased significantly (P = 0.030). The above difference might be due to the higher proportion at the end of surgery, and the rapid decline 48 h later.
Further analysis showed that the number of patients with pain peaked at 8 h after the surgery (40.43% and 31.91% in the REMI and DEX groups, respectively), and approximately half the patients in each group required analgesics or had a VAS score of ≥3 even after transferring out of the PACU. This suggests that in addition to the administration of analgesics at the end of the surgery, prophylactic analgesia may be required until the patient is transferred to the ward, especially in the first 8 h following surgery.
RFA is a safe treatment for HCC associated with mild liver dysfunction but has the potential to aggravate preexisting hepatic dysfunction [42] . Transient liver dysfunction after RFA is common. AST, ALT, and TBIL levels peak at 12-24 h after RFA [43] . Remifentanil is metabolized by nonspecific esterases present mainly in the blood and is considered to have no effect on liver function. In contrast, dexmedetomidine is metabolized by the liver, and one study has reported that high doses could induce oxidative stress in liver tissue [44] . However, several studies [22, 23, 45] have shown that dexmedetomidine has a protective effect against liver ischemia-reperfusion injury. In the present study, postoperative liver function was not significantly different between the two groups and the protective effect of dexmedetomidine was not observed. Possible reasons for this finding might be that the liver dysfunction caused by RFA was minimal and differed from ischemia-reperfusion injury.
However, the precise reasons require further investigation. Remifentanil provides hemodynamic stability and attenuates the stress response but is commonly associated with side effects, such as bradycardia (2-12%) and hypotension (6-30%), which are strongly dose dependent [46, 47] . Drops in HR, such as those observed in our study, are mainly caused by centrally mediated sympatholytic and/ or vagotonic actions, whereas drops in blood pressure are mainly the result of direct vasodilation [48, 49] . Dexmedetomidine reduces catecholamine secretion, soothes the stress response to endotracheal intubation or extubation, and maintains hemodynamic stability during the intraoperative period, all of which are outstanding advantages [50, 51] . The cardiovascular effects of dexmedetomidine mainly result from peripheral and central α 2 -adrenoreceptor activation [52] . The reduction of stress and analgesic effects might play a key role. The causes of bradycardia might be central sympatholytic action, activation of the baroreceptor reflex, and enhanced vagal activity. This effect is expected to blunt changes in HR. Some researchers believe that significant hypotension caused by dexmedetomidine is usually observed only in patients with preexisting vasoconstriction or hypovolemia [53] . In one study, the incidence of hypotension requiring intervention was slightly higher in patients receiving high-dose dexmedetomidine than in those receiving lower doses [54] . In the present study, as all patients had some hepatic dysfunction, we selected low drug doses (0.4 μg kg − 1 bolus and maintenance with 0.2 μg kg
), which we believed would have a lesser impact on hemodynamics, including hypotension and bradycardia [55] [56] [57] . Although hypotension and bradycardia still occurred in our study, HRs were stable during postoperative recovery in the DEX group.
Another important observation of our study was that dexmedetomidine, as previously reported [58] , significantly reduced the demand for inhalational anesthetics, without affecting the time to emergence or extubation. Although one study [59] found that dexmedetomidine is associated with delayed recovery, several others [60] [61] [62] have reported that as an adjuvant to general anesthesia, dexmedetomidine results in more stable hemodynamics, better recovery, and easy extubation, without affecting recovery time. One possible reason for this difference is that inhaled anesthetics are rapidly discharged due to lower intraoperative demand, and the time to emergence and extubation might be influenced more by the anesthetic dose than by the administration of analgesics.
Our study has certain limitations. First, the specifics of the RFA procedures, including power output, time, and location, were not the same for each patient owing to differences in patient conditions and ethical requirements. A multicenter large-scale trial could resolve this problem. Second, for patient safety, the anesthesiologists in charge were not blinded to the drugs used in the surgeries, and this could lead to bias. Third, only 3 days of follow-up were performed, which might be inadequate to assess prognosis. Longer observation is necessary to obtain more complete and meaningful comparisons.
Conclusion
In conclusion, the perioperative administration of low-dose dexmedetomidine to patients undergoing RFA reduced their HRs and the requirement for inhalational anesthetics, and did not exacerbate postoperative discomfort or liver dysfunction. Although dexmedetomidine did not reduce postoperative pain scores or exhibit an analgesic-sparing effect compared with remifentanil, it appeared to be a safe optional adjunct and it appeared that postoperative pain was strictly controlled in all RFA patients. 
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